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Abstract

Background The yeast Komagataella phaffii has become a very popular host for heterologous protein expression,
very often based on the use of the AOXT promoter, which becomes activated when cells are grown with methanol
as a carbon source. However, the use of methanol in industrial settings is not devoid of problems, and therefore, the
search for alternative expression methods has become a priority in the last few years.

Results We recently reported that moderate alkalinization of the medium triggers a fast and wide transcriptional
response in K. phaffii. Here, we present the utilization of three alkaline pH-responsive promoters (p7SAT, pHSP12 and
pPHOB89) to drive the expression of a secreted phytase enzyme by simply shifting the pH of the medium to 8.0. These
promoters offer a wide range of strengths, and the production of phytase could be modulated by adjusting the pH
to specific values. The TSAT and PHO89 promoters offered exquisite regulation, with virtually no enzyme production
at acidic pH, while limitation of Pi in the medium further potentiated alkaline pH-driven phytase expression from

the PHO89 promoter. An evolved strain based on this promoter was able to produce twice as much phytase as the
reference pAOX1-based strain. Functional mapping of the TSAT and HSP12 promoters suggests that both contain at
least two alkaline pH-sensitive regulatory regions.

Conclusions Our work shows that the use of alkaline pH-regulatable promoters could be a useful alternative to
methanol-based expression systems, offering advantages in terms of simplicity, safety and economy.
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Introduction

Heterologous expression in diverse hosts is an impor-
tant source for protein production with very diverse uses,
from food and beverages to pharmaceuticals. Among the
possible hosts, the yeast Komagataella phaffii (formerly
Pichia pastoris) is widely used for heterologous protein
production [1, 2]. The popularity of this organism derives
from several advantageous features, such as high cell
density growth in defined media and the ability to per-
form eukaryotic posttranslational modifications and to
release target products extracellularly. In addition, a wide
range of genetic modification tools, including genome
editing toolkits (CRISPR/Cas9 system), are available for
this organism [3].

Expression in K. phaffii can be driven from both con-
stitutive and inducible promoters [4]. Examples of the
first class are the strong GAP and TEFI promoters and
the somewhat weaker PGKI. By far, the most widely
employed inducible promoter is that of the AOXI gene,
which is responsible for most of the alcohol oxidase
activity in the cell and allows this organism to grow
on methanol as a carbon source. The AOXI promoter
(pAOX1) is induced by methanol and is repressed by car-
bon sources such as glucose, ethanol, glycerol or acetate
[5, 6]. The acceptance of this promoter is based on its
strength, which allows the production of some secreted
recombinant proteins at >15 g/L yield and tight regula-
tion. However, the need to grow on methanol represents
a significant drawback because (1) methanol is a hazard-
ous and explosive material that needs special handling,
posing a problem in larger-scale industrial processes; (2)
it is highly toxic and not suitable for producing certain
edible and medical products; (3) its metabolism produces
hydrogen peroxide as a byproduct, leading to oxidative
stress, which may result in the degradation of recombi-
nant proteins [7-9]; and (4) the use of methanol requires
a higher oxygen supply and heat removal than other car-
bon sources [10, 11], thus increasing production costs
and making scaling-up difficult. The limitation associ-
ated with the use of the AOX1 promoter has prompted
the search for alternative, methanol-free expression
systems in K. phaffii. Thus, in the last few years, diverse
novel regulated promoters that do not require the use of
methanol, such as pTHII1 activated by thiamin starva-
tion [12], or the GTHI promoter, which is repressed on
glycerol and upregulated upon glucose addition [13, 14],
have been proposed. Other approaches were based on
the identification of orthologous promoters from related
methylotrophic yeasts [15], or on devising methods for
alternative modulation of the pAOX1 promoter itself [16,
17].

Most yeasts, including K. phaffii, grow preferentially at
acidic pH, and shifting the pH of the medium to mod-
erate alkalinization (pH 7.8-8.2) results in an adaptive
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response that is mainly mediated by the rewiring of
gene expression. Such a response has been character-
ized in detail in diverse species, such as Saccharomyces
cerevisiae, Candida albicans, and Aspergillus nidulans
[18-22]. We have recently reported short-term changes
in the transcriptional landscape of K. phaffii in response
to moderate alkalinization of the medium [23]. In this
report, we identified several genes that were induced
in cells shifted to pH 8.0 at a level comparable to that
of strong constitutive genes such as TEF1 or GAPI. We
then conceived the idea that such promoters could be
an advantageous alternative to pAOXI-based expression
systems because they would allow the culture of cells
on any desired nontoxic carbon source, thus eliminat-
ing safety and regulatory issues. Here, we present the use
and characterization of three different alkali-regulatable
promoters (pPHO89, pHSP12 and pTSA1) for the expres-
sion of an E. coli derived phytase enzyme. This enzyme
was selected because, among other interesting character-
istics, it represents one of the largest enzyme segments
in the feed industry [24]. We show here that strains
based on these promoters offer a useful range of strength
and, in some cases, could compete with pAOXI-based
strain used in the industry in terms of potency and fast
induction.

Materials and methods

Yeast strains and growth conditions

K. phaffii X-33 and the new strains generated in this work
were grown at 28 °C with continuous shaking (230 rpm/
min) in YP medium (10 g/L yeast extract, 20 g/L pep-
tone) supplemented with 20 g/L glycerol (YPGly) or glu-
cose (YPD). YPD plates were supplemented with 200 pg/
ml hygromycin B when selection of transformants was
needed. The pAOXI-based phytase-producing strain
(appaT75, CGMCC 12056) was usually grown in YPGly.
Low phosphate (low-Pi) medium was prepared by phos-
phate precipitation from YP as previously described [25].
The estimated Pi concentration in this medium was 0.7—
0.8 mM.

Recombinant DNA techniques

The Escherichia coli strain DH5a was used as a plasmid
host and grown at 37 °C in LB medium supplemented
with hygromycin B (100 pg/ml) when needed for plasmid
selection. E. coli transformation and standard recombi-
nant DNA techniques were performed as described [26].
Transformation of yeast cells by electroporation was
carried out as in [27] with a Gene Pulser electroporator
(Bio-Rad).
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Construction of gene reporters and phytase producer
strains

The pTSAI-GFP reporter used in this work was made
as follows. The TSAI promoter was amplified by PCR
from genomic DNA obtained from the X-33 strain using
Q5 polymerase (New England Biolabs) and primers
TSA1_BstBI_Fw and TSA1-GFP_Rv_Kpnl. The ampli-
fied genomic region (-765/+13, from the initiating ATG
codon) was digested with BstBI and Kpnl and subse-
quently ligated into the same sites of plasmid pAHYB-
GFP [28]. The pPHO89-GFP reporter was described in
[23].

For the generation of phytase constructs, we used a
two-step PCR strategy. First, we amplified the a-factor
secretion signal together with the Phytase ORF from the
genome of the appaT75 strain. Second, we amplified the
PHO89 (-772/-1), HSP12 (-749/-1) and TSAI (-765/-
1) promoters from genomic DNA of the X-33 strain as
described above. All these amplicons were designed
so that they contained a 3’-region that hybridized with
the first 24 nucleotides of the a-factor secretion signal.
Finally, each promoter was fused to the phytase ORF by
overlapping PCR, and the final product was digested with
the restriction enzymes Kpnl and Notl. The final prod-
ucts were then cloned at the same sites of the pAHYB-
GFP plasmid, replacing the GFP reporter. This process
was repeated to generate several versions of pHSPI2- and
pTSA1-Phytase constructs, with shortened or extended
versions of the promoter region used. Constructs were
then used to transform E. coli cells, and positive clones
were selected from LB plates supplemented with hygro-
mycin B. Positive clones were subjected to DNA sequenc-
ing of the inserts to verify the absence of unwanted
mutations and subsequently linearized by Pmel digestion
and introduced into X-33 cells by electroporation to pro-
mote integration into the AOXI promoter locus. Positive
X-33 transformants were selected on YPD plates contain-
ing 200 pug/ml hygromycin B. The correct insertion of the
constructs was confirmed by PCR. The oligonucleotides
used in this work are documented in Additional File 1.

Posttransformational vector amplification (PTVA)

The PTVA strategy was used to increase the copy num-
ber of the pPHO89-Phytase construct. To this end, we
grew X-33 pPHO89-Phytase cells with increasing con-
centrations of hygromycin B (from 200 to 4000 pg/ml) as
described in [28]. However, instead of using agar plates,
we adapted the procedure shown in [29], and PTVA was
carried out in liquid cultures, increasing the concentra-
tion of hygromycin B in the medium every 48 h.

GFP reporter assays
For the induction of GFP expression by alkaline stress,
cells were grown overnight on YPGly in duplicate, and
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then cultures were diluted in 20 mL of fresh medium
at ODgy,=0.5 in baffled flasks (250 ml). Growth was
resumed for 16 h, with the cultures reaching an ODg,
of approximately 20-25. At this point, cultures were
centrifuged for 5 min at 1000 xg, and supernatants were
discarded. One set of cultures was then resuspended in
the same volume of YPGly supplemented with 50 mM
TAPS adjusted to pH 8.0 to induce the expression of
GFP. In parallel, the second set was grown in YPGly 50
mM TAPS at pH 5.5 as a non-induced control. Imme-
diately after resuspending the cells, 1 mL samples were
taken (t=0 h) and fixed with formaldehyde as described
in [23]. Subsequent samples were taken and fixed at 4, 8,
24, 32 and 48 h after induction. During cell growth, 1%
glycerol (final concentration) was added to the cultures at
8, 24 and 32 h. In addition, after 24 h of growth, nutri-
ents other than the carbon source were refreshed by the
incorporation of 2 mL of 2x concentrated YP medium.
The pH of the alkali-stressed cultures was measured
after every sampling using a Crison GLP21 pH meter and
readjusted to 8.0 (when indicated) by the addition of the
appropriate volume of a concentrated KOH solution. The
fluorescence of the samples was analyzed in a CytoFLEX
(Beckman Coulter) flow cytometer using the FIT-C filter
(525/40).

Phytase expression induction and sample collection
For the induction of phytase expression by alkaline stress,
X33 cells carrying pPHO89-, pHSP12- or pTSAI-based
phytase constructs were grown overnight on YPGly or
YPD as above, and then cultures were diluted in 25 mL
of fresh medium at OD,,=0.5 in baffled flasks (250 ml).
Growth was resumed for 16 h, with the cultures reach-
ing an ODy, of approximately 20-30. At this point, cul-
tures were centrifuged (5 min, 1000 xg) and resuspended
in the same volume of YPD or YPGly supplemented with
50 mM TAPS adjusted to pH 8.0 (unless otherwise indi-
cated) or in noninducing media (see above) as a control.
For pAOX1-controlled phytase expression, the appal75
strain was grown overnight on YPGly medium, and then
cultures were diluted in 25 mL of fresh YPGly medium at
ODyg,=0.5. Cultures were grown and processed as above,
except that they were resuspended in fresh YP supple-
mented with 1% methanol. One ml aliquots were taken
and centrifuged (3 min, 13,000 xg) immediately after cell
resuspension in fresh media (t=0 h). The supernatants
were stored at -20 °C for further analysis. This process
was repeated at 8, 24, 48, 72, 96 and 144 h for most assays.
The pH of the alkali-stressed cultures was measured and
readjusted to 8.0 (or the indicated pH) as above after each
sampling. At these same time points, the carbon source,
either glucose, glycerol or methanol (depending on the
culture), was newly added to a 1% final concentration.
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Every 24 h, 2 mL of 2x concentrated YP media was also
added to the cultures to refresh the nutrients.

For those experiments involving initial clone screen-
ing and those carried out for functional mapping of the
HSPI12 and TSA1 promoter regions, multiple colonies
from each transformation were grown overnight on
YPGly until saturation. From this point, cultures were
diluted in 5 mL of YPGly 50 mM TAPS adjusted to pH
8.0 (plus an aliquot in noninducing media) at ODgy;,=0.2,
and growth was resumed. During these tests, neither
nutrients nor carbon sources were refreshed, and the
pH of the induced cultures was not readjusted to 8.0. For
pTSAI- and pHSPI2-based constructs, cells were grown
for 48 and 72 h, respectively. Then, 1 mL aliquots were
centrifuged (3 min, 13,000 xg), and supernatants were
analyzed for phytase activity.

Phytase activity assay

Determination of phytase activity was performed essen-
tially as described in the ISO 30024:2009 protocol
(https://www.iso.org/standard/45787.html) but scaling
down the final volume to 0.4 ml. Briefly, the appropriate
dilutions of the fermentation medium were incubated for
30 min at 37 °C in the presence of 5 mM sodium phytate
(Sigma-Aldrich, #68,388, inorganic phosphorus<0.1%).
The released phosphate was determined by reaction with
a mixture of ammonium heptamolybdate and ammo-
nium vanadate reagents plus nitric acid and measuring
the A,y in a Multiskan Ascent plate reader (Thermo).
Phytase activity (U/ml) was calculated using the slope
of a previously generated standard curve. One unit is
defined as the amount of enzyme that releases 1 pmol of
inorganic phosphate from phytate per minute at 37 °C.

Other techniques

For SDS-polyacrylamide gel electrophoresis analy-
sis, a volume of the phytase-containing supernatants
was mixed with 4x SDS-PAGE loading buffer (200
mM Tris—-HCl pH 6.8, 8% sodium dodecyl sulfate
(SDS), 0.4% bromophenol blue, 40% glycerol and 20%
[-mercaptoethanol) so that the final concentration was
1x. Subsequently, the mixture was heated at 95 °C for
5 min, and 5 pL of the mixture (equivalent to 3.75 uL of
medium supernatant) was resolved by SDS-PAGE at a
concentration of 10% acrylamide/bis-acrylamide (37.5:1
ratio). Gels were stained using a Coomassie Blue solution
(10% acetic acid, 25% isopropanol and 0.25% Coomassie
Brilliant Blue R250, AMRESCO).

Determination of copy number of the heterologous
gene was carried out by quantitative PCR (qPCR) analy-
sis as described in [30] using the single-copy gene ARG4
as reference. Genome size was taken from [31]. qPCR
reactions were carried out with the SsoAdvanced™ Uni-
versal SYBR® Green Supermix (Bio-Rad) in a Bio-Rad
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CFX96 apparatus and run by duplicate in two indepen-
dent amplifications.

Identification of putative transcription factor-binding
sites in the promoters of HSPI2 and TSAI was per-
formed with the matrix-scan tool from the Regulatory
Sequence Analysis Tools (RSAT) server [32] using the
JASPAR core nonredundant fungi collection [33] and a p
value threshold of 1074,

Statistical significance was calculated by the unpaired
Student’s t test.

Results

Long-term expression of GFP from the PHO89 and TSA1
promoters in response to alkalinization

The gene PHO89 (PAS_chr2-1_0235) encodes a high-
affinity Na*/Pi plasma-membrane transporter needed to
adapt to situations of phosphate scarcity. Our previous
work with the pPHO89-GFP reporter [23] was restricted
to rather short time-course experiments (4—6 h after
induction by alkalinization). We considered it necessary
to test whether the strong induction observed could be
maintained or even increased during prolonged cultures.
To this end, we initiated the cultures as described in the
Materials and Methods section and established two sets
of alkali-induced cultures. The first one was induced at
time zero, and growth was continued without further
modification of the pH (reaching a value of 6.2 at the end
of the experiment). In contrast, in the second set, pH was
monitored at different times, and pH 8.0 was restored
by the addition of potassium hydroxide (Fig. 1A). As can
be observed, GFP production in the first set increased
steadily until 24 h after induction and then decreased
gradually. In contrast, maintenance of alkaline stimula-
tion resulted in a continuous increase in the GFP content,
reaching a difference of approximately 1.8-fold at the end
of the experiment when compared with cells for which
stimulation was not sustained over time. We then tested
the response of the pTSA1-based reporter restoring pH
8.0 as for pPHO89-GFP. The K. phaffii gene TSAI (PAS_
chr2-2_0220) encodes a thioredoxin peroxidase known
to be involved in oxidative stress responses. As shown in
Fig. 1B, substantial GFP production was already detected
4 h after induction, and GFP levels increased through-
out the entire experiment, reaching values approximately
25% higher than those detected for the PHO89 pro-
moter. Thus, recursive maintenance of alkaline pH in the
medium greatly improved GFP production driven by the
tested alkaline pH-sensitive promoters.

Expression of phytase from the TSAT promoter

The observation that maintenance of the stimulus was
beneficial for protein production and that the ratio of
detected GFP in induced vs. non-induced cells with
each promoter was very favorable (over 80-fold increase)
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Fig. 1 Long-term GFP expression from the PHO89 and TSAT promoters in response to alkalinization. (A) A strain with an integrated pPHO89-GFP reporter
was grown as indicated in the Materials and Methods. At time 0, the cells were resuspended in medium buffered at pH 5.5 (non-induced, NI) or pH 8.0
(induced). The pH of a set of induced cultures was readjusted (R) to pH 8.0 at specific times (denoted by the red arrow), whereas the pH of a parallel set
(Not R) was not modified. Samples were fixed, and fluorescence was determined by flow cytometry. Data are presented as the mean +SEM from 4 to 8
independent cultures. (B) A pTSAT-GFP reporter strain was cultured as in panel A. In this case, the pH of the induced cultures was readjusted (R) to pH 8.0
after 8, 24 and 32 h of culture. Fluorescence data are the mean +SEM from 4 independent cultures

prompted us to test the ability of these promoters, plus
an additional alkaline-pH sensitive promoter (pHSPI12),
to drive efficient expression of the industrially relevant
enzyme phytase. In our previous work analyzing the
short-term response upon alkalinization, we found that
TSAI mRNA levels could match those of the powerful
constitutive GAP promoter, particularly in cells grown on
glucose [23]. Therefore, we constructed strains express-
ing, under the control of the TSAI promoter, a phytase
form that was engineered to be secreted into the medium
and exposed these cells to pH 8.0 using either glycerol or
glucose as a carbon source. Twenty transformants were
grown in small (5 ml) scale cultures as described in Mate-
rials and Methods and tested for production of phytase.
Three of the most productive clones were selected and
characterized further. Copy number analysis indicated
that they carried out two copies of the phytase construct.
As shown in Fig. 2A (for glycerol) and Supplemental
Fig. 1 (for glucose), phytase activity could be detected 8 h
after alkalinization for all three clones selected. However,
in contrast with what could be expected from the short-
term transcriptomic data, the amount of secreted activ-
ity was higher (approximately 1.5-fold) for cells grown
on glycerol. In any case, the activity produced from the
TSA1 promoter was approximately 25% of that obtained
from the reference pAOX1I strain growing on methanol.
We then investigated the sensitivity of the promoter to
different levels of stress. To this end, we carried out cul-
tures as in Fig. 2A, but using a range of alkalinization

from slight (pH 7.4) to moderate (pH 8.2). As shown in
Fig. 2B, even the lower pH was able to trigger a noticeable
production of phytase, albeit the response was somewhat
delayed (compare activities at t=8 h). The responses at
pH 7.6 and 7.8 were rather similar and somewhat higher
than at pH 7.4, and they were further increased at the
highest pH values tested. These results suggest that mod-
ulation of the stress signal may be used as a tool for the
regulation of this promoter.

Remarkably, the production of phytase was virtually
null in cells grown at acidic pH, suggesting that alkalin-
ization led to positive inputs to the TSAI promoter or/
and released it from repressive activities. To gain further
information, we prepared constructs expressing phytase
from different versions of the promoter progressively
shortened from the 5’ end (Fig. 3A). As shown in Fig. 3B,
removal of a region spanning from —765 to -459 resulted
in a strong decrease in the response to alkaline pH, which
was reduced approximately 4-fold, and this behavior
was not modified by further deletions of the promoter
(to note that the experimental conditions of this experi-
ment are very different from those employed for Fig. 24,
leading to a lower phytase production). This result sug-
gested that the functional region relevant for the alkaline
pH of the TSAI promoter could be restricted to a region
of nearly 300 nt spanning from positions —765 to -459.
To further refine the analysis, we created four additional
deletions (a to d) covering this 300-bp region and gener-
ated the corresponding strains. As shown in Fig. 3C, the
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Fig. 2 Alkali-induced production of phytase from the TSAT promoter. (A) Three independent clones containing an integrated pTSAT-phytase construct
were grown on YP with glycerol as the carbon source and processed as described in the Materials and Methods. Cells were shifted to pH 8.0 at time 0 (or
maintained at pH 5.5), and cultures were subjected to periodic restoration of the pH and carbon source. Samples were taken at the indicated times, and
phytase activity was determined after appropriate dilution with water. The activity produced by a pAOX1-phytase strain grown on YP medium is included
for comparison. Data are presented as the mean + SEM from 3 to 5 independent cultures for each clone. (B) The pTSAT-1 clone was processed as in panel
A except that cells were shifted at the indicated pH values. Data are the mean + SEM from 3 independent cultures

response to alkaline pH for all four strains was reduced
to roughly one-half, and at the same time, the phy-
tase activity released by unstimulated cultures became
noticeable, suggesting some derepression of the pro-
moter. As a result, the induced/non-induced ratio, which
was approximately 200-fold for pTSAI-1, decreased to
2- to 2.5-fold for these four newly constructed strains.

Interestingly, additional removal of the region spanning
from —527 to -458 (yielding pTSA1-2) not only further
decreased the amount of secreted phytase activity in
alkali pH-stimulated cells but also abolished the produc-
tion of phytase in unstimulated cultures. These results
suggest that the upstream region of the TSAI promoter
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Fig. 3 Mapping the pH-dependent activation of the TSAT promoter. A new ser of yeast strains that contained the indicated versions of the TSAT promoter
driving the expression of phytase were created (panel A). The location of predicted transcription factor-binding sites with a p value < 2 x 10~ is denoted at
the bottom of the cartoon. Cells were grown on YPGly and tested for phytase activity after 48 h of induction (no restoration of pH or nutrients) as indicated
in Material and Methods (B and C). Data are presented as the mean+SEM from 4 (non-induced) or 8 (induced) independent experiments

might contain two independent regulatory components
sensitive to alkalinization.

Alkaline induction yields high levels of pHSP12-driven
phytase activity

HSP12 (PAS_chr4_0627) encodes a small heat shock pro-
tein that is known to respond to diverse stresses. Upon
selection of productive clones, as described above, we
present in Fig. 4A the time course of phytase production
for three independent clones expressing phytase from a
version of the HSP12 promoter starting at position —749
relative to the initiating Met (denoted by a red inverted
triangle in Fig. 4B). The phytase ORF was found as a sin-
gle copy. Alkalinization resulted in the rapid release of
phytase activity, which reached a maximum at the end of
the experiment. It is worth noting that, in this case and
for some time-points (48 and 72 h), phytase accumula-
tion in the medium was similar to that of the commercial
appT75 strain growing on YP plus methanol. At the end
of the experiment, the accumulation of phytase from the

HSPI12 promoter was approximately 65% of that obtained
from the pAOXI-based strain. However, we observed
that the uninduced cells also produced detectable phytase
activity (see discussion). Consequently, the induced/non-
induced ratio was relatively low (3- to 4-fold, depending
on the sampling time).

We wanted to identify possible regions in the HSP12
promoter that could be sensitive to alkalinization. To
this end, we prepared five different versions of the pro-
moter, starting from position —1000 (that is, extending
approximately 250 nucleotides upstream in comparison
with the promoter present in the strain described above).
As shown in Fig. 4B, the largest region (H1) provided
an induced/non-induced activity ratio of 2.7, quite close
to that observed for the pHSP12-749 version (note that
culture conditions differ from those of Fig. 4A). Dele-
tion of the upstream 400 nucleotides (H2) resulted in a
noticeable decrease in the induced/non-induced activ-
ity ratio, albeit it was not considered statistically signifi-
cant (p value 0.08). Further reduction to positions —460
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Fig. 4 Expression of phytase from the HSP12 promoter and its functional mapping. (A) Three independent clones containing an integrated pHSP12-
phytase construct were processed as in Fig. 2A, and phytase activity was determined in the medium supernatant at different times after induction. Data
are the mean + SEM from 2 or 3 independent cultures for each clone. (B) Constructs containing diverse versions of the HSP12 promoter fused to the phy-
tase ORF were integrated into the genome. The inverted red triangle denotes the position of the 5'end of the construct assayed in panel A (denoted as
PHSP12in the bar graph). Predicted transcription factor-binding sites (with a p value < 2 x 10~°) are mapped at the bottom of the cartoon. Phytase activity
was determined after 72 h of induction for all strains, and the induced/non-induced ratio was calculated. Data are presented as the mean = SEM from 8
independent cultures for H1 to H5 and 4 cultures for pHSP12. %, p<0.05, ***, p < 0.001
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or -330 (H3 and H4) yielded a similar (and significant)
value (=2.0). Finally, when only the upstream 160 nt were
included (H5), we observed a further decrease in the
activity ratio (1.5). Notably, this last version still provided
robust levels of basal activity. From these results, it can
be deduced that at least two independent regions sensi-
tive to alkalinization exist in the HSP12 promoter.

A)
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Effective expression of phytase from the PHO89 promoter

We prepared a construct in which a promoter region of
the same size used for GFP expression was hooked to the
phytase ORF and integrated into the yeast genome. As
shown in Fig. 5A, for three different clones, alkaliniza-
tion allowed the accumulation of phytase activity to val-
ues similar to those attained with the HSPI12 promoter,
reaching levels of approximately 50% in comparison with
the reference pAOX1 strain. However, in this case, the
activity in the control cultures was virtually undetectable,
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Fig. 5 Tightly regulated, alkali-induced expression of phytase from the PHO89 promoter. (A) Three independent strains, pP89-A, pP89-H, and pP89-
J), containing an integrated pPHO89-phytase construct, were treated as in Fig. 2A, and the produced phytase activity was determined. Data are the
mean + SEM from 3 or 4 independent cultures for each clone. (B) Strain pP89-J was induced by resuspending cells in medium buffered at different pH
values (from 7.4 to 8.2), which was readjusted (as appropriate) during the experiment. Data are the mean+ SEM from 2 or 3 independent cultures
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yielding an induced/non-induced activity ratio of >1000-
fold. Previous work using the GFP reporter suggested
that the PHO89 promoter could be stimulated effectively
at pH values lower than 8.0 [23]. Therefore, we carried
out a dose-dependence study using one of the clones
characterized above (clone P89-]) and tested the produc-
tion of phytase in a range of pH values from 7.4 to 8.2.
As observed from Fig. 5B, even the lowest pH tested
was able to substantially induce the expression of phy-
tase. Production was increased in cells cultured at pH 7.6
(=1.8-fold at 72 h), although a further rise in the inten-
sity of the stimulus was not reflected in higher enzyme
production.

The exquisite response of the PHO89 promoter to
alkaline pH prompted us to attempt to improve phytase
production by means of the posttransformational vec-
tor amplification approach (see Material and Methods).
We started with clone P89-], and at the end of the pro-
cess, we obtained dozens of clones able to proliferate in
the presence of 4000 pg/ml hygromycin (20-fold higher
than that used for initial clone selection). After screen-
ing for phytase production, we selected three evolved
strains (J5, J6 and J7) for additional time-course experi-
ments. As presented in Fig. 6A and B, all clones exhibited
higher production than the parental P89-] strain (from
1.6 to 3-fold) at all times tested. Such improvement could
be explained by the observation that the evolved strains
carried 2-3 copies of the phytase-encoding cassette,
whereas the pAOXI-based strain carried a single copy.
The enhanced production of the evolved strain could
also be assessed by SDS-PAGE analysis of the production
media (Supplemental Fig. 2), which also shows that phy-
tase is virtually the only protein detected in the superna-
tant of the cultures. Importantly, the amount of phytase
produced was consistently higher for the pH-regulated
strains than for the pAOXI-based reference strain, with
a maximum increase ranging from 2 to 2.5-fold after 72 h
of culture (Fig. 6B). This difference could be confirmed
by SDS-PAGE analysis. Figure 6C compares the produc-
tion of phytase from the reference pAOX1I-based strain
and the evolved P89-J6. The amount of protein correlated
well with the measured activity. Scanning of the gels and
integration of the phytase signals in comparison with
known amounts of BSA suggests that the maximal pro-
duction phytase in the AOXI-based strain was 0.59 mg/
ml, whereas in the evolved J-6 strains it was 1.32 mg/ml,
indicating a specific activity of 50,000 U/mg of protein.

Phosphate limitation improves alkaline pH-triggered
expression from the PHO89 promoter

PHO89 encodes a putative Na*/Pi high affinity trans-
porter and, as expected, a previous report demon-
strated that the PHO89 promoter positively responds
to limitation of Pi availability [34]. We wanted to test if
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a moderate limitation in Pi could reinforce the response
of the PHO89 promoter to alkalinization. To this end,
inorganic phosphate was removed from YP medium by
precipitation to decrease its level to about 5-fold (0.7-
0.8 mM). The time-course experiment shown in Fig. 7,
using clone P89-], demonstrates that partial limitation
of Pi in the medium strongly potentiates (nearly 3-fold)
the production of phytase, likely by increasing transcrip-
tion from the promoter. This result is interesting because
it illustrates the possibility of modulating alkaline pH
response, in a promoter-specific fashion, through judi-
cious manipulation of the culture medium.

Discussion
We present here three promoters that are plausible,
methanol-free alternatives for expression in K. phaffii of
proteins of industrial interest and that offer a wide range
of responses. These promoters were first tested for GFP
production and then employed to produce a secreted
form of a modified E. coli phytase. The choice of phytase
as a test enzyme was based on 1) its industrial impor-
tance: it is widely used as an additive to monogastric ani-
mal feed to improve inorganic phosphate absorption and
reduce environmental pollution [35]; and 2) its commer-
cial impact, since its market value was estimated at USD
517.36 million in 2022 and is growing steadily [36].
Under our experimental setting, the strains based on
two of these promoters, pHSPI12 and pPHOS89, provided
expression levels close to or even higher (in the evolved
pPHOS89 strains) than those of an pAOXI-based strain,
while the pTSAI-based strain produced phytase at lower
levels (approximately a quarter of the yield achieved with
pAOX1 after 96 h). We show that both pPHO89 and
pTSAI offer exquisite regulation, with undetectable phy-
tase production when cells grow at acidic pH (Figs. 2A
and 5B). This might be an invaluable tool when proteins
to be expressed could be detrimental to the cell. It is
worth noting that in the case of pTSAI (and to a lesser
extent in pPHO089), it was possible to somewhat modulate
the level of phytase expression by adjusting the medium
to the appropriate pH (Figs. 2B and 5B). This sensitivity
to the inducing stimulus provides a way to control the
time course of product accumulation. The PHO89 pro-
moter was proposed earlier as a possible alternative for
protein expression, first for the expression of a lipase [34]
and later to produce bacterial and fungal phytases [37].
However, in both cases, regulation of the promoter was
achieved by using conditions of strong phosphate starva-
tion, which negatively affect growth. In contrast, we did
not observe detrimental effects on growth (measured
as ODg) in cultures readjusted at pH 8.0 at any of the
sampling times (Supplemental Fig. 3). Comparison of
our results and those provided in reference [37] indicates
that, even considering that the enzyme assays are not
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identical, our production of phytase activity exceeds that
obtained by phosphate limitation in those experiments by
nearly two orders of magnitude. In the case of pHSP12,
phytase is also expressed (albeit at lower levels) at acidic
pH. This is likely because, in our experimental setting,
cells might suffer nutrient limitation for some periods,
and it is known that the HSPI12 promoter is induced by
glucose starvation in S. cerevisiae [38] and is highly and
transiently induced upon carbon source limitation in K.
Pphalffii [39].

The signaling pathways leading to the regulation of
gene expression have been explored in detail in some
fungi, such as S. cerevisiae, C. albicans, A. nidulans, and
C. neoformans. These works have revealed the involve-
ment of several protein kinases [40-46] and transcription
factors, such as the conserved PacC/Rim101 [45, 47-49],
Crz1/CrzA, related to calcium signaling [48, 50-54],
Pho4, involved in response to phosphate starvation [51,
55], Yapl, connected with oxidative stress response [50,
56], and likely Macl and Aftl, implicated in adaptation
to iron/copper scarcity [57, 58]. In contrast, virtually
nothing is known for K. phaffii, except our recent report
that the short-term alkali-dependent expression from
the K. phaffii PHO89 promoter was largely dependent
on two canonical CDREs, thus strongly suggesting that
this response is mediated by the calcineurin/Crz1 path-
way [23], as was found earlier for diverse fungi [48, 59,
60]. In this regard, the response of PHOS89 to alkaliniza-
tion would be mechanistically independent from that of
phosphate limitation, which is likely mediated by putative
Pho4-binding sites located at positions —583 and —414 of
the PHOS89 promoter [34]. This notion is reinforced by
our observation that the combination of alkalinization

with slight limitation of Pi, unable by itself to trigger
phytase production, strongly potentiates the amount of
enzyme recovered from the medium. Such potentiation
suggests that the PHO89 promoter in K. phaffii, as we
previously demonstrated for the same gene in S. cerevi-
siae [55], integrates two independent signaling pathways.
This fact highlights the importance of elucidating the sig-
nals elicited by alkalinization and the molecular events
occurring downstream, thus leading to the possibility of
combination of such responsive elements to create hybrid
promoters with enhanced response to alkalinization.

We also show here a functional mapping of pTSAI and
provide evidence that elements present in two regions,
-765/-698 and —527/-458, are important for the alkaline
pH response. It is worth noting that none of the stress-
responsive transcription factor binding sequences (Rox1,
Yap1/6, Aft2) that we could predict to be involved in the
alkaline response are located within these regions. The
upstream one includes a putative Arrl binding element
(p value 1.7E~°) at position —723/-716. Arr1 (also known
as Yap8) is a transcriptional activator needed for the tran-
scription of genes involved in resistance to arsenic com-
pounds [61]. However, as far as we know, Arrl has not
been previously connected to the response to alkalini-
zation. Our data also show that some responses persist
when the promoter is trimmed up to position —113. We
identified a Met31 binding site (p value<3.6E™°). Met31
is involved in activating genes needed for the incorpora-
tion of inorganic sulfate and the synthesis of sulfur-con-
taining amino acids. Remarkably, we recently reported
that in K. phaffii, alkalinization is characterized by a
fast induction of genes involved in sulfate assimilation
and Met and Cys biosynthesis [23]. This would support
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a possible role of Met31 in the alkaline response of the
TSA1I promoter.

The study of the HSP12 promoter was carried out by
generating five different fragments, from position —1000
to -160. We did not trim the promoter further because a
recent report showed that a region starting at nt -97 had
no activity at all [39]. Our data suggest that this promoter
contains two regions sensitive to alkalinization. The first
one would lie between nt -1000 and —460 (or possibly
—600). This region contains an Adrl-binding sequence
(p<1.5E™°), which could be recognized by Mxrl, a pro-
posed homolog in K. phaffii for yeast Adrl [62, 63].
On the other hand, our results discard the relevance of
Rapl, a multifunctional and conserved transcription fac-
tor related to oxidative stress conditions in humans and
yeast [64, 65] that has been identified as important for
the expression of catalase (CAT1) in K. phaffii [66] or
Aftl, which in K. phaffii has been related to carbohydrate
and not to iron metabolism [67]. In contrast, the region
between —330 and —160 appears relevant for alkaline
induction. This segment contains a putative site for the
Com?2 transcription factor (p value 3.5E7%). This factor
has been found in S. cerevisiae to be necessary for the
expression of genes involved in sulfur assimilation (also
observed in K. phaffii upon alkalinization, see above)
when cells are exposed to sulfur dioxide [68]. It must be
noted, however, that the sequence recognized by this fac-
tor includes a canonical stress-responsive element (STRE,
5-CCCCT-3’), which is recognized by Msn2/Msn4, and
that there is recent evidence for the involvement of these
factors in the regulation of HSPI2 in S. cerevisiae [69].
In any case, it would be most desirable to investigate the
specific signaling pathways governing the transcriptional
response to alkalinization in K. phaffii.

The use of alkaline pH-regulatable promoters would
allow, in principle, the utilization of any carbon source
for cultivation of yeast cells. This does not imply that
the carbon source would be irrelevant since it might
affect the potency of the response, as we show here for
the case of the TSA1 promoter. It is evident that the spe-
cific growth conditions for optimal production must be
set for each specific promoter and produced protein.
In any case, these promoters avoid the use of methanol
and hence circumvent the associated problems, such as
flammability, toxicity (either by ingestion, inhalation, or
absorption through the skin), as well as the requirement
for high oxygen supply and concomitant heat production.
In contrast, in the expression systems presented here,
induction of the desired protein can be achieved without
any modification of the medium, simply by the addition
of the appropriate amounts of KOH, possibly one of the
cheapest chemicals. Potassium hydroxide would be pref-
erable to sodium hydroxide to avoid the accumulation
of sodium cations, which are more toxic than potassium
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[70], in the culture medium. In addition, pH is a very easy
parameter to follow in a bioreactor. On-line monitor-
ing can be coupled to the addition of KOH to counteract
possible acidification caused by fermentation, thus main-
taining the appropriate pH profile for the desired period.
Finally, while alkaline-pH regulatable promoters could
be used, in principle, to express any protein (prelimi-
nary work in our laboratory suggests that it is also suit-
able for the production of the CRL1 lipase from Candida
rugosa), the induction conditions would be particularly
suitable for secretion of proteins that are unstable at the
acidic pH found in standard yeast fermentations, such as
methionine adenosyltransferase [71] or the fungal Fsl2
lipase [72]. In any case, the actual competitiveness of the
expression systems presented here needs to be evaluated
at the bioreactor level and in a pre-industrial setting.
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